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Measurements of Water Vapor and High Clouds Over
the Tibetan Plateau With the Terra MODIS Instrument

Bo-Cai Gao, Ping Yang, Guang Guo, Seon K. Park, Warren J. Wiscombe, and Baode Chen

Abstract—The seasonal variations of water vapor and cirrus regions in the world [11]. Its annual total amount of radiation
clouds over the Tibetan Plateau are investigated using the recently at Mount Qomolangma (Everest) is 8332 ME, only a little
available Level 3 monthly-mean atmospheric data products with less than that in Poona (8583 Mﬂ?) India, and Cairo (8374

a 1° x 1° latitude—longitude grid. The data products are derived 5 . . .
from the multichannel imaging data acquired with the Moderate MJ/m?), Egypt [6]. Due to the high elevations of the Tibetan

Resolution Imaging Spectroradiometer (MODIS) on the Terra Plateau, the air mass over it is only half of that over the ad-
Spacecraft. It is shown that the water vapor concentration over jacent low-level terrain. Thus, with the same amount of heat
the Tibetan Plateau is normally low, whereas high clouds (mainly and water vapor, the corresponding temperature and humidity
cirrus clouds) over the Plateau occur quite frequently. On an cpanges over the Tibetan Plateau are approximately twice of

annual scale, the water vapor concentration reaches its maximum _, . . .
in July and its minimum in January. During the summer season, this in the lowlands [23]. The Tibetan Plateau as an elevated

the southeastern part of Tibetan Plateau, which can be affected heat source in the summer significantly affects Asian summer
by moistures originating from the Bay of Bengal and southeastern monsoon circulation.
Asia, is slightly moister than the other parts of the Plateau. This Cirrus clouds normally locate in the upper troposphere and

observation is in agreement with the previous surface meteoro- lower stratosphere. Thev sianificantly modulate the flow of ra-
logical measurements by Chinese scientists from the 1950s to P ) y sig y

mid-1970s. The mean high-cloud reflectance over the Plateau diation budget by reflecting the incoming solar radiation, ab-

reaches its maximum in April and minimum in November. This  sorbing the thermal emission from the ground and the lower at-
feature of high clouds over the Plateau has not been reported mosphere, and reemitting infrared radiation into space. These
previously. The special channel centered at 1.376m on the ¢|gyds have been identified as one of the most uncertain com-

MODIS instrument has allowed the observation. We present a : . -
plausible mechanism to explain the seasonal variatioﬁs of high ponents in the atmosphere [12], [18]. Observations indicate that

clouds over the Plateau. We expect that the water vapor and thin cirrus clouds are ubiquitous [1], and much of the cirrus
high-cloud measurements with MODIS can be used to improve the clouds in the atmosphere, especially in the tropics, are generated
model initialization and validation for climate models involving as the outflow or remains of cirroform anvils of cumulonimbus

the Tibetan Plateau and the nearby regions in Asia. associated with deep convection [7]. Water vapor mainly con-
Index Terms—Cirrus clouds, meteorology, remote sensing, centrates below 4 km in the atmosphere, and is a major green-
Tibetan Plateau, water vapor. house gas. Its principle impact on the radiative balance of the
earth is through longwave radiation. Knowledge of both water
I. INTRODUCTION vapor and high-cloud properties and their variations in space and

i , time is critical to understanding the thermal and dynamic effects
I T 1S WELL KNOWN that the Tibetan Plateau, which ha%f the Tibetan Plateau on the atmosphere.

an average height of over 4 km and an area of about 2.4 mil- . L
, o In the past few decades, a humber of investigations have fo-
lion square meters, has profound thermal and dynamical influ-

cused on the dynamical, thermal, and radiation budget effects

ences on both local and global climate a_nd atmospheric CirCL*_the Tibetan Plateau on weather and climate [19], [20], [25].
lation [13], [22]-{25]. For examples, the Tibetan Plateau exetfs | "™ 9505 to the mid-1970s and well before the era of

major blocking effects on zonal and meridional air motions, re- . N . .
T : : . satellite meteorology,” scientists in China [24] made some in-
sulting in strong horizontal and vertical perturbations of atmo=""""" AT :
X A . . ... vestigations on the distributions and properties of water vapor,
spheric flows. Tibet is one of the most intensive solar radiation - : .
clouds and aerosols, and their interactions with the atmosphere

over Tibetan Plateau. These investigations were largely based
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near-infrared (NIR) spectral region were implemented on the TABLE |
MODIS for these purposes. Daily and seasonal variations of MODIS DaTA PRODUCTSUSED IN THIS ANALYSIS
column atmospheric water vapor amounts have been obserpoquct Quantities Data Length

reliably from MODIS channels located within and arouniAtmospheric Monthly | Precipitable Water | Nov., 2000-Oct., 2002
the 0.94um water band [8]. Daily and seasonal variations ¢Global Joint Product | Vapor (cm)
high clouds have also been observed from the 1,8%5cirrus (MODO08_M3)
detecting channels [5]. In this letter, the seasonal variatio1° by 1° resolution
and spatial distributions of water vapor and high clouds ovAtmospheric Monthly | Cirrus Reflectance | Nov., 2000-Oct., 2002
the Tibetan Plateau and the possible formation mechanisms Global Joint Product
studied using the data acquired with the MODIS instrume(llAODgg—M” .
onboard the National Aeronautics and Space Administratit,l..by 1% resolution
Terra Spacecraft.

been geolocated), to Level 2 (derived geophysical data prod-
Il. DESCRIPTIONS OF THEMODIS DATA ucts at the same resolution and location as the Level 1 data), to
Level 3 (variables mapped onto uniform space-time grid scale)
The MODIS instrument onboard the polar orbiting sun-sy1n10]. The MODIS atmospheric data products are now avail-
chronous Terra Spacecraft has 36 spectral channels betwgsfe for public access. The Level 2 water vapor and cirrus re-
0.4 and 14.3um. Among the 36 channels, several NIR charectance products are generated at the 1-km spatial resolution.
nels located within and around the 0.8 water vapor band Through integration of the Level 2 products, the Level 3 daily,
are used for remote sensing of column water vapor amourdfyht-day, and monthly-mean water vapor products are gener-
Column water vapor amounts or precipitable water vapor caged globally at ax 1° latitude—longitude grid resolution. Be-
be retrieved over clear land of the globe, and above clouds o¥gi;se MODIS is the first satellite instrument with the capa-
both land and ocean. These channels are also useful for gigy of the 1.375xm channel for cirrus detections, the Level
retrieval of water vapor over extended oceanic areas with S§MODIS cirrus reflectance data product provides a unique op-
gllnt The retrieval algorithm relies on observations of Watqjortunity to Study cirrus clouds on regiona| and g|oba| scales

vapor attenuation of NIR solar radiation reflected by surfacggd to improve the cirrus climatology. Table | lists the data prod-
and clouds. Techniques employing ratios of water vapor aficts used in this study.

sorbing channels with the nearby atmospheric window channels
at 0.865 and 1.24m are used [8]. The ratios partially remove
the effects of variation of surface reflectance with wavelengths lIl. SEASONAL VARIATION OF WATER VAPOR
and results in the atmospheric water vapor transmittances. The
column water vapor amounts are derived from the transmit-The Tibetan Plateau is located in the region 6fZ8- 102°E,
tances based on theoretical procedures. Water vapor values2Z8iN ~ 38°N, surrounded by the earth’s highest mountains,
be determined with errors typically in the range between 5% asdch as Great Himalaya Range, Pamir, Kunlun Mountains, and
10%. adjacent to the Indian subcontinent through the Himalayas.
Thin cirrus clouds are traditionally difficult to detect by satelfFig. 1(A)—-(D) shows the monthly-mean precipitable water
lite sensors both in the visible and in the 1041&-infrared at- vapor images over the latitude range of O~ 55°N and the
mospheric window regions, particularly over land, due to thdiongitude range of 6% ~ 110°E for January [Fig. 1(A)], April
partial transparency and surface emission. Based on the analizgis 1(B)], July [Fig. 1(C)], and October [Fig. 1(D)] of 2002.
of hyperspectral imaging data collected by the Airborne VisiblEhe water vapor images are color coded so that red corresponds
Infrared Imaging Spectrometer (AVIRIS) [21], it was found thatto 5 cm and blue 0 cm. The Tibetan Plateau is located in the
the channel near 1.37Bn, where strong water vapor absorptiortenter portions of the images. Due to the high elevations of the
occurs, is quite effective in detecting thin cirrus clouds [2], [4]Tibetan Plateau, the water vapor values over the Plateau are
[5]. This is due to the fact that, in the absence of cirrus cloudsiuch smaller than those over the surrounding low-elevation
little solar radiance scattered by the surface and lower cloudgjions, such as the Indian subcontinent and Indo-China. There
reaches an airborne or satellite sensor because of strong watexr sharp boundary, which mainly includes Great Himalaya
vapor absorption in the lower atmosphere at this spectral baRange, Gongdise Mountains, Karakoram Range, and Pamir,
When the high altitude cirrus clouds are present, the solar tsetween the Indian subcontinent and the Tibetan Plateau. The
diation scattered by these clouds can be received by the senlsigh mountains prevent most of the atmospheric water vapor
Based on the observation from AVIRIS data, a special chanmeler the Indian subcontinent from flowing into the Tibetan
centered at 1.37pm was implemented on the MODIS instru-Plateau, and cause the largest moisture gradient across the
ment for remote sensing of cirrus clouds from space [3]. TH®undary, particularly for the July image [Fig. 1(C)]. Through
algorithms [5], [8] for retrieval of column atmospheric wateclose examination of the Fig. 1(C) image, it can be seen that
vapor amounts and high-cloud reflectances in the 0.4xM0- the southeastern part of the Tibetan Plateaul28’N, 100°E)
spectral region have been developed and implemented for operthe summer month is more moist than the other parts of the
ational retrievals from MODIS data. Plateau. This is because the moistures originating from the Bay
The MODIS data are generally processed into different levadé Bengal and southeastern Asia during summer can reach the
from Level 1 (radiances or brightness temperatures that haamitheastern part of the Plateau [24]. The spatial distributions of



GAO et al. MEASUREMENTS OF WATER VAPOR AND HIGH CLOUDS OVER THE TIBETAN PLATEAU WITH THE TERRA MODIS INSTRUMENT 897

(A JANUARY, 2002 . (B8) APRIL, 2002 .
£.0 4.0
3.0 3.0
2.0 2.0
1.0 1.0
0.0 Q.0
. (D) OCTOBER, 2002 -
<0 &0
3.0 3.0
2.0 2.0
1.0 1.0
0.0 Q.0

Fig. 1. MODIS Level 3 monthly-mean water vapor images over the Tibetan Plateau and the nearby Asian regions for (A) January, (B) April, (C) July, and (D)
October of 2002.

water vapor over Tibet and Indian subcontinent are consiste ©

with previous investigations [15], [17], [24], [26].
In order to have more quantitative descriptions on the se g 5

sonal variations of water vapor, we calculate the average valu &

of water vapor over the Tibetan Plateau. In addition, we calct2 4 | PN 4

late the mean values of water vapor for the entire globe, a tro 3 - N - ~_-
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water vapor concentration is computed via the following equ
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wherem]s the mean water vapqr value over a certain reg!opig. 2. Mean water vapor values over the Tibetan Plateau, the entire globe,
wv; the pixel values overx 1° grid boxes for the same vari- a tropical belt between 3N and 30'S, and a latitude belt near the equator
able, andw; the weighting factor«; = 1 for this case). between 10N and 10S.

Fig. 2 presents Tibet mean (in the region of real Tibetan
boundary), global mean, and the mean values over regidhe opposite seasonal tendency. The Tibetan mean values
within the tropical belt and near the equator for 24 months frolrave the same seasonal variations as the globe mean values.
November of 2000 to October of 2002. Of the four sets of me&or example, they reach their minimum in January (0.21 and
values over different spatial scales, the Tibetan mean valueg4 cm) or February (0.26 and 1.75 cm), and maximum in July
are the smallest whereas the mean values over the near-equdt@7 and 2.55 cm) or August (1.35 and 2.47 cm), respectively.
region are the largest. The two sets of mean values have alndetvever, the Tibetan mean values have larger magnitude of



898 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 4, APRIL 2003

(A) JANUARY, 2002 (3) APRIL, 2002
0.30 0.30
0.20 0.20
Q.10 0.10
0.00 0.00
(C) JULY, 2002 (D) OCTOBER, 2002
a.30 Q.30
Q.20 0.20
Q.10 Q.10
Q.00 0.00

Fig. 3. MODIS Level 3 monthly-mean high-cloud reflectance images over the Tibetan Plateau and the nearby Asian regions for (A) January, (BJépril, (C)
and (D) October of 2002.

seasonal variations than the globe mean values. The meacreased significantly in comparison with the April image.
values over the tropical belt (38 to 30°S) have the smallest The high-cloud reflectances over the Bay of Bengal increased
seasonal variation of the four. The results presented here dramatically due to the solar heating of the water surfaces. As
consistent with seasonal variations of the Plateau and glota evaporated water vapor from the ocean surfaces reaches
temperatures [13], and other studies [14], [15]. the upper troposphere and lower stratosphere, cirrus clouds are
formed after the air is cooled down near the tropopause. For
the Fig. 3(D) October image, the high-cloud reflectances over
IV. SEASONAL VARIATIONS OF HIGH CLOUDS the Tibetan Plateau increased slightly, while those over the Bay
of Bengal decreased significantly in comparison with the July
Fig. 3(A)—(D) shows the monthly-mean high-cloud reimage.
flectance images over the latitude range otNO~ 55°N and Similar to our analysis of water vapor variations, we calculate
the longitude range of 6 ~ 110°E for January [Fig. 3(A)], the average high-cloud reflectances over the Tibetan Plateau, the
April [Fig. 3(B)], July [Fig. 3C)], and October [Fig. 3(D)]of entire globe, the tropical belt between°8Dand 30S, and the
2002. The images are color coded in such a way that rkditude belt near the equator betweer?Gand 10S for 24
corresponds to a reflectance value of 0.3 and blue 0. For thenths from November 2000 to October 2002. The results are
Fig. 3(A) January image, a small amount of high clouds {zresented in Fig. 4. Contrary to water vapor curves shown in
seen over the Tibetan Plateau. Very few high clouds are sddg. 2, the Plateau local mean value of high-cloud reflectance is
over the Indian subcontinent (lower left) and the Indo-Chinihe largest of the four. Moreover, this value has the largest sea-
regions (lower right). For the Fig. 3(B) April image (beforesonal variation and different seasonal tendency from the global
the monsoon season), large amounts of high clouds witlean value. For example, the maximum values of the Tibetan
significant reflectance values are seen over the Tibetan Plateaean, which are 0.104 and 0.113 in both April 2001 and 2002,
The high-cloud reflectances over the Indian subcontineate twice as large as that of global means, 0.040 and 0.043, re-
and Indo-China regions remain small. For the Fig. 3(C) Julpectively. Meanwhile its minimum values, which are 0.055 in
image, the high-cloud reflectances over the Tibetan PlateBacember 2000 and 0.050 in November 2001, are almost the
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0.12

tent with those from previous investigations. MODIS is the first
satellite instrument with the capability of 1.37&n channel for
remote sensing of high clouds from space. We have found that
the mean of high-cloud reflectances over the Plateau reaches its
maximum in April and minimum in November. The maximum
does not occur in July—the peak solar heating month. We have
presented a plausible mechanism to explain this observed phe-
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nomenon. The true mechanism may be different from the one
we presented in this letter. More intensive meteorological and
meteorological observation is needed to understand better the
interactions between the land surface and the atmosphere over
the Tibetan Plateau in the context of the Asian monsoon system.
We expect that our understanding of meteorology over the Ti-
betan Plateau and the nearby Asian regions will be further im-
proved in the future after the atmospheric information derived

from MODIS data is used in climate models.

Fig. 4. Mean high-cloud reflectance values over the Tibetan Plateau, the
entire globe, a tropical belt between°30and 30'S, and a latitude belt near
the equator between 1N and 10S.

(1]
same as the corresponding global mean values of 0.048 and
0.049.

The maximum cirrus reflectances occur in April over the 2]
Tibetan Plateau, not in July when the Plateau receives the
largest amount of solar radiation, as demonstrated in Figs. 3
and 4. Based on the general meteorology, surface conditiond?]
and energy exchange mechanisms between the surface and
the atmosphere over the Tibetan Plateau [24], we present &
plausible mechanism to explain this phenomenon as follows.
During April, the Hadley circulation in the India and Tibet
regions is weak. There is little dry air from the stratosphere to[5]
sink over the Tibetan Plateau. April is the month near the end
of the snow-melting season over the Plateau and before the
beginning of the Indian monsoon season. There is a reasonablé]
amount of water evaporation at the surface due to solar heating.
Since the surface elevations of the Plateau are higld km) 7]
and the surface pressures are low, the moist air can be quicklygl
transported to the upper atmosphere through turbulent mixing,
and high clouds, mainly cirrus clouds, are formed. During July, [g]
the sun moves further to the north, and the Hadley circulation
over India and Tibet regions becomes stronger. There are
significant amounts of dry air molecules from the stratospherg g
to sink over the Tibetan Plateau. Although the evaporation rates
at the surfaces of the Plateau are increased due to the increased
solar heating in July, the sinking dry air from the stratosphere
prevents the moist air from reaching the tropopause. As &1]
result, fewer high clouds are formed in July than in April over
the Plateau. [12]

V. SUMMARY [13]

We have studied the seasonal variations of water vapor anl,
high clouds over the Tibetan Plateau using two years of the Terra
MODIS Level 3 monthly-mean data products from November
2000 to October 2002. On an annual scale, the mean water vap%?
over the Plateau reaches its maximum in July and minimum in
January. The southeastern part of the Plateau is slightly moist&]
than the rest of the Plateau in the summer season. The observed
seasonal variations of water vapor over the Plateau are consis-

]
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